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Summary The in situ remote sensing reﬂectance (Rrs) and optically active substances (OAS)
measured using hyperspectral radiometer, were used for optical classiﬁcation of coastal waters in
the southeastern Arabian Sea. The spectral Rrs showed three distinct water types, that were
associated with the variability in OAS such as chlorophyll-a (chl-a), chromophoric dissolved
organic matter (CDOM) and volume scattering function at 650 nm (b650). The water types were
classiﬁed as Type-I, Type-II and Type-III respectively for the three Rrs spectra. The Type-I waters
showed the peak Rrs in the blue band (470 nm), whereas in the case of Type-II and III waters the
peak Rrs was at 560 and 570 nm respectively. The shifting of the peak Rrs at the longer wavelength
was due to an increase in concentration of OAS. Further, we evaluated six bio-optical algorithms
(OC3C, OC4O, OC4, OC4E, OC3M and OC4O2) used operationally to retrieve chl-a from Coastal
Zone Colour Scanner (CZCS), Ocean Colour Temperature Scanner (OCTS), Sea-viewing Wide Field-
of-view Sensor (SeaWiFS), MEdium Resolution Imaging Spectrometer (MERIS), Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) and Ocean Colour Monitor (OCM2). For chl-a concentra-
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547/550/555/560/565 nm have to be considered. The assessment of algorithms showed better
performance of OC3M and OC4. All the algorithms exhibited better performance in Type-I waters.
However, the performance was poor in Type-II and Type-III waters which could be attributed to the
signiﬁcant co-variance of chl-a with CDOM.
# 2016 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://creati-
vecommons.org/licenses/by-nc-nd/4.0/).
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Ocean colour remote sensing has been widely used as a tool
to determine the surface chlorophyll-a (chl-a) concentra-
tion which acts as a proxy for phytoplankton biomass.
Several empirical and semi-analytical algorithms have been
proposed for the retrieval of chl-a from satellite ocean
colour data. These algorithms were based on the non-linear
relationship between oceanic reﬂectance and in situ mea-
sured chl-a, more precisely the ratios of reﬂectance in blue
and green bands or their combinations (Lee et al., 2002;
O'Reilly et al., 1998, 2000). These algorithms using the
spectral ratios of reﬂectance were mainly attributed to
Case 1 waters where the optical properties were deter-
mined mainly by phytoplankton and their accessory pig-
ments. For Case 2 waters, apart from phytoplankton, other
optically active substances (OAS) such as chromophoric
dissolved organic matter (CDOM) and total suspended mat-
ter (TSM) contribute signiﬁcantly to the reﬂectance (Morel
and Prieur, 1977).
The development of ocean chlorophyll 2-band (OC2) and
ocean chlorophyll 4-band (OC4) algorithms was done using
SeaBAM data set. The OC2 algorithm was revised (OC2 v2)
based on an extensive data set of 1174 in situ observations
and thereafter with the SIMBIOS data set (McClain and Far-
gion, 1999). O'Reilly et al. (2000) updated OC2 and OC4 with
2853 in situ data sets (OC2v2 and OC4v4) and suggested the
need to determine accuracy of these revised algorithms in
lowest chl-a concentrations.
The characteristics of the reﬂectance spectrum, in terms
of shape and magnitude, are largely inﬂuenced by the pre-
sence of OAS within the water column (Minu et al., 2014;
Pierson and Strombeck, 2000). In other words, the apparent
optical properties (AOP) of aquatic media, such as remote
sensing reﬂectance (Rrs), largely affected by OAS and geo-
metry of ambient light ﬁeld can be quantiﬁed using inherent
optical properties (IOPs) of the OAS (Mobley, 1994; Morel,
1991). The fundamental IOPs inﬂuencing the Rrs are absorp-
tion (a), scattering (b) and volume scattering function (b).
The phytoplankton pigment, chl-a, has a tendency to absorb
light in the blue and red bands of the visible electromagnetic
spectrum (V-EMS) with the former being the primary peak.
The CDOM also exhibits strong absorption in UV and the
shorter wavelength band of V-EMS whereas the suspended
matter usually scatters in the longer wavelength band. Apart
from this, the water molecules themselves absorb strongly in
the red part of V-EMS. Further, the volume scattering
describes the angular distribution of light scattered from
an incident beam. In the absence of inelastic scattering,
IOP of a medium is completely determined by the absorption
coefﬁcient and b. These when combined with the angular andspectral distribution of the incident radiance ﬁeld, just
below the surface, the full radiative ﬂux balance of the
ocean can be simulated (Lee and Lewis, 2003). Studies using
hyperspectral radiometers, on the relationship between IOP
and concentration of OAS, indicated the presence of identiﬁ-
able sub-types of coastal water within the conventional Case
2 classiﬁcation (Mckee and Cunningham, 2006).
The ratio based empirical algorithms for the retrieval of
chl-a from CZCS, MOS-B, IRS-P4-OCM and SeaWiFS have been
already carried out in the southeastern Arabian Sea. Sathe and
Jadhav (2001) studied retrieval of chl-a using sea-leaving
radiance from MOS-B and showed that the single ratio of CZCS
algorithm fails in the Arabian Sea. They also reported that the
two factor algorithm of SeaWIFS fails in 30% of the cases.
Further, Nagamani et al. (2008) reported that OC4v4 algo-
rithm overestimates chl-a in the northern Arabian Sea when
compared to MBR based OCM-2 algorithm. In addition to
these, Chauhan et al. (2002) evaluated the accuracy, precision
and suitability of different ocean colour algorithms for the
Arabian Sea. According to their study, OC2 and OC4 algorithms
performed well in Case 1 waters of the Arabian Sea. But both
algorithms failed to estimate chlorophyll in Trichodesmium
dominated waters. Tilstone et al. (2011) also assessed three
algorithms, OC4v6, Carder and OC5, for retrieving chl-a in
coastal areas of the Bay of Bengal and open ocean areas of the
Arabian Sea. Based on the accuracy assessment, they recom-
mended the use of the OC5 algorithm in the area of study. Most
of these studies were conﬁned to oligotrophic to mesotrophic
waters. Assessment of MODIS-aqua chlorophyll-a algorithms in
coastal and shelf waters of the southeastern Arabian Sea
showed better performance of OC3M than GSM and GIOP
(Tilstone et al., 2013). However, our study deals with meso-
trophic to eutrophic waters. The problem with estimating chl-
a from an ocean colour satellite sensor involves two critical
steps. The ﬁrst step is to eliminate the effect of the atmo-
spheric contribution and the second step is to select a suitable
bio-optical algorithm. In this study, we have focused on in situ
bio-optical data, measured using hyperspectral radiometer, in
the optically complex waters of the southeastern Arabian Sea,
with the following objectives:
1. Analyzing the spectral remote sensing reﬂectance in the
view of distribution of OAS.
2. Evaluation of operational empirical algorithm in different
water types.
2. Study area
A part of the southeastern Arabian Sea forms the study area
(Fig. 1). The area has a strong monsoonal inﬂuence resulting
Figure 1 Map of study area showing the sampling stations.
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river water discharge and surface circulation. During pre-
monsoon season (February—May) wind-induced upwelling
along with a northward undercurrent and a southward sur-
face ﬂow associated with strong vertical mixing are observed
off Kochi waters (Kumar and Kumar, 1996). During the mon-
soon period, freshwater discharge from adjoining rivers
increases the nutrient concentrations of the coastal waters
along with the detrital load. These rapid changes often lead
to very high production at primary and secondary levels
(George et al., 2013). Upwelling process supported by the
southerly current is also observed along the coastal waters
during monsoon season (Joshi and Rao, 2012). The previous
studies reported that freshwater discharge from the estuary
and the high organic load of the bottom sediment are the
potential factors affecting the biogeochemistry of the study
area (Iyer et al., 2003; Srinivas and Dineshkumar, 2006).
3. Material and methods
3.1. In situ data
The data used for the present study was generated as a part
of SATellite Coastal and Oceanographic REsearch (SATCORE)
programme coordinated by Indian National Centre for Ocean
Information Services (INCOIS). The data was generated, with
monthly frequency, from eight stations, between April
2009 and 2011. The sampling was carried out using commer-
cial purse seiner. SatlanticTM hyperspectral radiometer
(HyperOCRII) was operated in all the stations. The instrument
contains optical sensors which measure downwelling surface
irradiance (Es) and proﬁles of upwelling radiance (Lu) and
downwelling irradiance (Ed). Apart from these the ancillary
sensors measures tilt, pressure, temperature and conductiv-
ity. The radiometer was also equipped with ECO triplet sensor
(WetlabsTM ECO series) which measures chlorophyll ﬂuores-
cence, CDOM ﬂuorescence and b at 650 nm (b650). The
excitation and emission wavelengths to measure CDOM ﬂuor-
escence were 370 and 460 nm respectively with a sensitivity
of 0.28 ppb of quinine sulphate dihydrate equivalent (QSDE).
The volume scattering function, b, when integrated in back-
ward direction provides estimates of backscattering (Balch
et al., 2001). The backscattering at longer wavelengths,
especially in red, is more sensitive to the suspended matter.Hence in the present study b is considered as a measure of
total suspended matter.
Utmost care was taken to avoid tilt, maintain proﬁling
velocity and avoid shadows from sources. The data from
hyperspectral radiometer was recorded using SatViewTM soft-
ware and multi-level processing was carried out using Pro-
softTM software.
The spectral Rrs was computed as
Rrsð0þ; lÞ ¼ Lwð0
þ; lÞ
Edð0þ; lÞ
; (1)
where Lw(0
+, l) is water leaving radiance and Ed(0
+, l) is
downwelling irradiance above the sea surface. Further the
upwelling radiance and downwelling radiance were comput-
ed as follows:
Edð0þ; lÞ ¼ Edð0
; lÞ
1a ; (2)
where a is the Fresnel reﬂection albedo for irradiance from
the sun and sky and
Lwð0þ; lÞ ¼ Luð0; lÞ ½1rðl; uÞ
h2wðlÞ
; (3)
where r(l, u) is the Fresnel reﬂectance index of seawater and
hw(l) is the Fresnel refractive index of seawater.
The spectral Rrs, measured using radiometer, was then
used as an input to derive the chlorophyll concentration from
respective algorithms.
3.2. Empirical algorithms
Six operational empirical algorithms (OC3C, OC4O, OC4,
OC4E, OC3M, OC4O2) were selected for this study. These
algorithms have been operationally implemented as default
algorithms for Costal Zone Colour Scanner (CZCS), Ocean
Colour and Temperature Scanner (OCTS), Sea-viewing Wide
Field-of-view Sensor (SeaWiFS), Medium Resolution Imaging
Spectrometer (MERIS), Moderate Resolution Imaging Spectro-
radiometer (MODIS) and Ocean Colour Monitor (OCM2). The
functional forms of these algorithms are given in Table 1.
These algorithms have undergone several revisions based
on the in situ data generated from different water types. The
OC2 algorithm, originally designed for CZCS, has undergone
eight revisions (OC2a, OC2b, OC2c, OC2d, OC2e, OC2, OC2v2
and OC2v4). The latest of which is OC2v4 which has a
modiﬁed cubic polynomial form. The OC4O algorithm,
designed for OCTS, has undergone four revisions and emerged
as 4th order polynomial function relating the maximum of
three band ratios. The OC4 algorithm, designed for SeaWiFS,
has two versions (OC4 and OC4v4). Both versions use max-
imum ratio of four bands. The ﬁrst version of OC4 was a
modiﬁed cubic polynomial and the current version uses a
fourth order polynomial with ﬁve coefﬁcients (O'Reilly et al.,
1998, 2000). The OC4E algorithm, designed for MERIS, is the
tuned version of OC4v4 and has the functional form of 4th
order cubic polynomial. The OC3 algorithm, designed for
MODIS had undergone two versions (OC3d, and OC3e). It is
three banded maximum band ratio and uses fourth order
polynomial function. The default algorithm for OCM-2 is third
order modiﬁed cubic polynomial which used the maximum
ratio of four bands (Nagamani et al., 2008).
Table 1 The functional forms of the algorithms used to generate chl-a from Coastal Zone Colour Scanner (CZCS), Ocean Colour and
Temperature Scanner (OCTS), Sea-viewing Wide Field-of-view Sensor (SeaWiFS), Medium Resolution Imaging Spectrometer (MERIS),
Moderate Resolution Imaging Spectroradiometer (MODIS) and Ocean Colour Monitor 2 (OC4O2).
Sensor Algorithm Functional form Model type
CZCS
OC3C
MBR
R ¼ log10 max
Rrs443
Rrs550
 
;
Rrs520
Rrs550
   
a ¼ 0:3330; 4:3770; 7:6267; 7:1457; 1:6673½ 
C ¼ 10ða0þa1Rþa2R2þa3R3þa4R4Þ
Fourth order polynomial
OCTS
OC4O
MBR
R ¼ log10 max
Rrs443
Rrs565
 
;
Rrs490
Rrs565
 
;
Rrs520
Rrs565
   
a ¼ 0:2399; 2:0825; 1:6126; 1:0848; 0:2083½ 
C ¼ 10ða0þa1Rþa2R2þa3R3þa4R4Þ
Fourth order polynomial
SeaWiFS
OC4
MBR
R ¼ log10 max
Rrs443
Rrs555
 
;
Rrs490
Rrs555
 
;
Rrs510
Rrs555
   
a ¼ 0:2515; 2:3798; 1:5823; 0:6372; 0:5692½ 
C ¼ 10ða0þa1Rþa2R2þa3R3þa4R4Þ
Fourth order polynomial
MERIS
OC4E
MBR
R ¼ log10 max
Rrs443
Rrs560
 
;
Rrs490
Rrs560
 
;
Rrs510
Rrs560
   
a ¼ 0:2521; 2:2146; 1:5193; 0:7702; 0:4291½ 
C ¼ 10ða0þa1Rþa2R2þa3R3þa4R4Þ
Fourth order polynomial
MODIS
OC3M
MBR
R ¼ log10 max
Rrs443
Rrs547
 
;
Rrs488
Rrs547
   
a ¼ 0:2424; 2:7423; 1:8017; 0:0015; 1:2280½ 
C ¼ 10ða0þa1Rþa2R2þa3R3þa4R4Þ
Fourth order polynomial
OCM2
OC4O2
MBR
R ¼ log10 max
Rrs443
Rrs555
 
;
Rrs490
Rrs555
 
;
Rrs510
Rrs555
   
a ¼ 0:475; 3:029; 2:240; 1:253; 0:027½ 
C ¼ 10ða0þa1Rþa2R2þa3R3þa4R4Þ
Third order modiﬁed
cubic polynomial
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The results of the present study have been described in the
following three sections. The ﬁrst section deals with the
optical classiﬁcation of coastal waters based on AOP. The
second section deals with the association of OAS with spectral
Rrs and the third section with the assessment of ocean colour
algorithms in different water types.
4.1. Optical classiﬁcation using remote sensing
reﬂectance
The entire data sets exhibited three different types of Rrs
spectra and their spectral variability is given in Fig. 2. Based
on the variability in Rrs spectra, the coastal waters off Kochi
are optically classiﬁed into three types. Type-I waters had
spectra (Fig. 2a) with ﬂatter curve between 400 and 450 nm
which then increased to peak at 482 nm. After 482 nm, Rrs
decreased gradually till 608 nm and then the curve ﬂattened
again till 700 nm indicating no reﬂectance in the region. Thespectral Rrs in Type-II waters (Fig. 2b) was found to be distinct
from that of Type-I. The average Rrs increased gradually from
shorter wavelength (400 nm) and showed almost a ﬂat peak
between 532 and 566 nm with a marginally higher value at
560 nm. Beyond 560 nm, a steep valley was observed till
610 nm. After which the decrease was gradual till 670 nm.
A secondary maximum was also observed at 681 nm. The Rrs
spectra in Type-III waters (Fig. 2c) showed similarity to that of
the Type-II at the longer wavelength. In this type, a steep
increase in Rrs was observed from 400 to 570 nm. The peak Rrs
was more prominent. The spectral behaviour of Rrs from
570 to 700 nm in this water type was similar to that of
Type-II. However, the secondary maximum was more promi-
nent (684 nm) and higher in magnitude.
4.2. Association of optically active substances
with different water types
The analyses of spatio-temporal variability in OAS (chl-a and
CDOM) and their IOP (b650) have been carried out for the
Figure 3 Frequency distribution of chlorophyll-a (chl-a), volume scattering function at 650 nm (b650) and concentration of
chromophoric dissolved organic matter (CDOM) in quinine sulphate dihydrate equivalent (QSDE) unit in different water types. The
solid line indicates the normal distribution. The X-axis represents concentration of chl-a, b650 and CDOM. The Y-axis represents
frquency distribution.
Figure 2 Spectral variability of remote sensing reﬂectance (Rrs) in the study area. The similar spectra have been clubbed together as
(a) Type-I, (b) Type-II and (c) Type-III. The solid line represent mean and the dotted line represents the standard deviation. The X-axis
represents wavelength [nm] and Y-axis represents Rrs [sr
1] coefﬁcients.
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(Fig. 3). The frequency distribution plots were also super-
imposed with the normal Gaussian function to understand the
trend. The frequency distribution showed large variability in
the OAS for the three water types. The chl-a, which varied
between the three water types, was 0.077 and 20.0 mg m3
(Fig. 3a). The chl-a in Type-I and Type-II waters ranged from
0.77 to 1.0 mg m3 and 1.0 and 2.0 mg m3 respectively. The
Type-III waters, chl-a ranged from 1 to 20 mg m3 while the
frequency was less at lower concentration.
The CDOM varied between 0.39 and 2.25 ppb QSDE
(Fig. 3b). Type-I waters showed lower concentration of
CDOM, between 0.3 and 0.75 ppb QSDE. The CDOM concen-
tration in Type-II and Type-III waters are varied, from 0.75 to
1.25 and Hp1.25 to 2.25 ppb QSDE respectively. The concen-
tration of CDOM was comparatively higher in Type-II waters.
b650, ranged between 0.16  103 and 9.5  103 m1 sr1
(Fig. 3c) with a higher frequency at the lower range between
0.16  103 and 0.19  103 m1 sr1. In Type-II and Type-III
waters, b650 was in the range from 1.3  103 to
6.1  103 m1 sr1 and 1.4  103 to 9.5  103 m1 sr1
respectively. The maximum value of b650 was encountered
in Type-III waters.4.3. Assessment of ocean chlorophyll algorithms
The scatter plots showing relation between in situ measured
chl-a and that derived using OC4, OC3C, OC4O, OC4E, OC3M
and OC4O2 algorithms is given in Fig. 4. The validation
statistics have been computed using data from all water
types. The corresponding statistical indicators are given in
Table 2. The R2 was better in case of OC4 (0.70), which was
also comparable with that of OC3M (0.68). Further OC4 and
OC3M showed least Log10-RMSE (0.37). However, absolute
percentage difference (APD) (35.9%) was better in case of
OC4 whereas OC3M showed better slope (0.69), relative
percentage difference (RPD) (4.8%) and unbiased percentage
difference (UPD) (17.1%). The intercept (0.07) was least in
the case of OC4O and 'r' was closer to unity in case of OC4O2.
The inverse transform ratios also showed that OC3M performs
better at the median scale with Fmed close to unity. The
overall statistical analysis showed that OC3M and OC4 pro-
duced comparable results having least signiﬁcant difference
between estimated and measured chl-a.
Although the validation has been carried out for the entire
data set, the accuracy of the algorithms was also evaluated in
the different water types. The assessment of measured and
Table 2 Performance indices for relative errors between in situ measured and estimated chl-a from in situ Rrs using OC3C, OC4O,
OC4, OC4E, OC3M and OC4O2 algorithms. These indices include correlation coefﬁcient (R2), slope (S), intercept (I), sumation of ratio
of measured to estimated (r), root mean squared error (RMSE), absolute percentage difference (APD), relative percentage difference
(RPD) and unbiased percentage difference (UPD). The geometric mean and one-sigma range of the ratio (F = Valuealg/Valuemeas) are
given by Fmed, Fmin, and Fmax, respectively. The values closer to 1 are more accurate. Total 42 data points were used for the analysis.
Algorithm R 2 S I r RMSE APD RPD UPD Fmin Fmed Fmax
OC3C 0.66 0.65 0.11 1.74 0.39 41.0 17.2 29.8 0.50 1.21 2.94
OC4O 0.65 0.63 0.07 1.95 0.41 40.3 23.6 36.5 0.56 1.36 3.34
OC4 0.70 0.67 0.10 1.69 0.37 35.9 16.3 26.7 0.53 1.22 2.82
OC4E 0.67 0.67 0.10 1.70 0.38 37.2 16.6 27.7 0.50 1.20 2.88
OC3M 0.68 0.69 0.16 1.47 0.37 50.4 4.8 17.1 0.44 1.04 2.45
OC4O2 0.54 0.54 0.35 1.21 0.45 47.1 3.26 30.1 0.29 0.82 2.29
Figure 4 Correlation between in situ chlorophyll-a (chl-a) and that derived using OC4, OC3C, OC4O, OC4E, OC3M and OC4O2
algorithms in Type-I (plus), II (triangle) and III (circle) waters. The solid line indicate the trend and the dotted line corresponds to 1:1.
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with a correlation coefﬁcient (R2) of 0.93 in the case of OC4O,
OC4, OC4E and OC3M and 0.89 in the case of OC3C. Chl-a
estimated using OC4O2 algorithm showed relatively lower
correlation (R2 = 0.74). However, the measured chl-a was
lower in magnitude than the estimated chl-a having a slope
of 1.06, 0.60, 0.68, 0.67, 0.71 and 0.68 for OC3C, OC4O, OC4,
OC4E, OC3M and OC4O2 respectively. The result based on the
statistical analysis indicated that OC3M performs better than
other algorithms in Type-I waters. In Type-II waters, it was
observed that a cluster of points having chl-a concentration
between 9.0 and 13 mg m3 showed a poor relation between
estimated and measured chl-a. At these points, b650 was ten-
fold higher than that in Type-I waters. In addition, the CDOM
was higher than the average value (2.1—2.5 ppb QSDE). In the
absence of this cluster, it was observed that estimated and
measured chl-a had moderate agreement in case of OC3C
(R2 = 0.52), OC4 (R2 = 0.67), OC4E (R2 = 0.67), OC3M(R2 = 0.67) and OC4O2 (R2 = 0.67). In this water type, esti-
mated chl-a was lower in magnitude than the measured with
a slope of 0.59, 0.50, 0.63, 0.63, 0.90 and 0.88 for OC3C,
OC4O, OC4, OC4E, OC3M and OC4O2 respectively. Based on
the statistical analysis, comparable result was seen between
OC3M and OC4O2. The performance of both these algorithms
was better than other algorithms in Type-II waters. In Type-III
waters, estimated chl-a was found to be higher in magnitude
as compared to measured chl-a. The slope of regression was
1.46, 1.45, 1.39, 1.65, 1.44 and 1.84 for OC3C, OC4O, OC4,
OC4E, OC3M and OC4O2 respectively. Although the estimated
and measured chl-a was found to be variable in magnitude,
the trend was in good agreement. The R2 was 0.68, 0.63,
0.69, 0.66, 0.70 and 0.70 for OC3C, OC4O, OC4, OC4E, OC3M
and OC4O2 respectively. The OC3M and OC4 algorithms
performed better in Type-III waters.
An attempt has been also made to understand existence of
any covariance between CDOM and errors associated with the
P. Minu et al./Oceanologia 58 (2016) 317—326 323algorithms in Type-II and III waters. Hence a ratio of esti-
mated chl-a, from various algorithms, to in situ chl-a was
regressed with CDOM. The results showed that in Type-II
waters, the covariance was 2.48, 1.42, 2.24, 2.48,
5.16 and 2.99% whereas in Type-III it was 39.64, 25.96,
27.09, 30.46, 25.41 and 35.86% respectively for OC3C,
OC4O, OC4, OC4E, OC3M and OC4O2 algorithms.
5. Discussion
The retrieval of geophysical products from an ocean colour
satellite sensor involves two critical steps. The ﬁrst step is to
eliminate the effect of the atmospheric contribution from
the total radiance received by the satellite sensor (Hu et al.,
2004). The second step is to select a suitable bio-optical
algorithm which relates the signal leaving the water column
with the concentration of the OAS. The present study aims
towards the second step. In the present case, the empirical
algorithms, used operationally to retrieve chl-a from CZCS,
OCTS, SeaWiFS, MERIS, MODIS and OCM2, were applied to the
in situ Rrs measured using hyperspectral radiometer. Further,
an attempt has been also made to classify the waters based
on the reﬂectance characteristics and to evaluate impact of
OAS on these water types. Subsequently the performance of
these algorithms was tested in these water types.
The data generated for the present study exhibited three
distinct spectra for Rrs. The distribution of OAS within dif-
ferent water types also showed a remarkable difference. In
Type-I waters, Rrs spectra showed the maximum in the blue
(400—480 nm) region and was almost negligible in the red
region (beyond 600 nm). The variability in concentration of
chl-a and CDOM was very low in this water type with a
standard deviation of less than 50% of the average value.
The b650 also showed less variability in this water type. The
low concentration in distribution of OAS in Type-I waters was
responsible for least absorption in the shorter wavelength
resulting in high Rrs. However, the lower Rrs in the longer
wavelength may be attributed to the strong absorption due to
water molecules. This indicates that the water molecules
were the principal light absorbing component in this water
type along with chl-a. This is in agreement with the previous
studies carried out in oligotrophic waters of Lakshadweep
Islands, hyperoligotrophic waters in the South Paciﬁc gyre
and in the Chesapeake Bay where the authors have shown
that the water molecules are the major components respon-
sible for the absorption in the longer wavelength resulting in
minimal variability of Rrs (Menon et al., 2005; Morel et al.,
2007; Tzortziou et al., 2007). The spectral signature of Rrs in
Type-II waters showed signiﬁcant difference in shorter wave-
lengths. In Type-II waters, chl-a concentration and b650 was
ten-fold higher than in Type-I waters. Also, the CDOM con-
centration was almost twice in magnitude. The phytoplank-
ton pigment, chl-a, has the primary absorption peak in the
blue region (440 nm). Apart from this, CDOM also has a
tendency for strong absorption in UV and the blue region
(Jorgenson, 1999; Menon et al., 2005; Siegal et al., 2002).
Therefore, the respective signature of Rrs in Type-II waters
was predominantly due to the combined effect of absorption
due to chl-a and CDOM. In Type-III waters, the peak in the Rrs
spectra shifted more towards the longer wavelength as
compared to that in Type-II waters. In addition, the peak
Rrs was more prominent as compared to Type-I and II waters.In this water type, b650 was comparable with Type-II waters.
However, chl-a and CDOM concentration was found to be
increased by 64% and 76% respectively. This indicates that the
impact of chl-a and CDOM absorption has further increased
which resulted in much lower Rrs at the shorter wavelength.
Menon et al. (2006) showed that CDOM signiﬁcantly inﬂu-
ences the water leaving radiance at the shorter wavelengths
and its impact can be spread up to 650 nm. Kutser et al.
(2006) reported an 'abnormal' shape of the Rrs spectra when
the concentrations of optically active substances were high.
The study carried out by Cannizaro and Carder showed that,
in non-coastal oligotrophic waters, the peak Rrs was at
400 nm which was shifted to 490 nm in highly reﬂective,
optically shallow, mesotrophic waters and 560 nm in opti-
cally deep eutrophic waters. Ouillon and Petrenko (2005) also
reported peak Rrs at 443 and 490 nm in Case 1 waters and at
560 nm in Case 2 waters.
The above discussion clearly indicates that distinct spec-
tral signatures of Rrs were more attributed towards varia-
bility in OAS. Further, the distribution of these OAS could be
controlled by hydrography of the study area. The study area
is subjected to coastal upwelling and heavy fresh water
discharge from the estuary of the Periyar River in the mon-
soon period which enhances nutrient upload resulting in
increased biological production (Jyothibabu et al., 2006;
Nair et al., 1992). Studies by Srinivas et al. (2003) also
reported that the coastal waters of the southeastern Arabian
Sea are the recipient of approximately 1.9  1010 m3 of fresh
water annually from the Cochin backwaters. We have also
analyzed the inter-relationship of chl-a with CDOM and b650 in
different water types (Fig. 5). The chl-a and CDOM did not
show any signiﬁcant relation in Type-I waters. This indicates
that CDOM is independent of the variations in chl-a in these
waters. However a large association was seen in Type-II and
Type-III waters. Also in these waters, the concentration of
chl-a and CDOM was very high. The co-variance of chl-a with
CDOM indicates that the source of nutrients for phytoplank-
ton growth, and organic matter is the same. Since the
primary source of CDOM is from the river, it can be inferred
that river discharges are one of the primary mechanisms for
distribution of chl-a and CDOM in the study area. The b650 did
not show any signiﬁcant relationship with chl-a in any of the
water types. This indicates that chl-a and suspended matter
do not co-vary in water types. Hence, it can be inferred that
river discharges are not the primary source of suspended
matter in the study area. Some of the previous studies by
Jyothibabu et al. (2006), Srinivas et al. (2003) and Thomas
et al. (2004) also reported that continuous dredging process
occurring throughout the year in the study area increases the
nutrients and sediment loads into the estuary which is
drained into the coastal waters.
The distribution of OAS thus signiﬁcantly alters the spec-
tral Rrs which is the input for the empirical algorithm for the
retrieval of chl-a. In the present study, chl-a algorithms were
evaluated in different water types having similar variability
in spectral Rrs. Among all the algorithms, OC3M and OC4
performed better in the study area. In general, all algorithms
showed that, in Type-I waters, the measured chl-a was less
than that estimated using various algorithms. However mea-
sured and estimated chl-a showed the same trend with good
correlation. These waters were having typical Case 1 char-
acteristics. Also the Rrs signals dominated in 443 nm band. In
Figure 5 Scatter plot showing relation between (a) in situ chlorophyll-a (chl-a) and CDOM in QSDE unit and (b) in situ chl-a and b. The
plus (+) sign corresponds to Type-I, open triangle (~) corresponds to Type-II and open circles (*) corresponds to Type-III waters.
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correlated. Further in Type-II waters, the dominant signal in
Rrs was from the blue-green band. In the case of OC4, OC4E
and OC4O2 the dominant Rrs signal was from 510 nm, whereas
it was 520 nm in the case of OC3C and OC4O. For OC3M, Rrs
signal was dominated by the 488 nm band. Similar conditions
were observed in Type-III waters. The performance of all the
algorithms was poor in Type-II waters whereas it was com-
paratively better in Type-III waters. Although in Type-II and
Type-III waters concentration of chl-a and CDOM was ten-fold
higher than Type-I waters, the co-variance between chl-a and
CDOM was signiﬁcantly higher in Type-III waters. Desa et al.
(2001) showed that the ratio of Rrs at 490—555 nm is a better
indicator of chl-a in the eastern Arabian Sea. They illustrated
signiﬁcant improvement in R2 (0.93), slope (0.96) and inter-
cept (0.26) by modifying SeaWiFS OC4v4 coefﬁcients. How-
ever Shanmugam (2011) suggested that although OC3 reliably
estimates chl-a in the open ocean waters, it tends to fail in
the coastal waters of the Arabian Sea. The chl-a and CDOM
compete for absorption of light at almost similar wavelengths
in the blue region. As a result, the signal emerging from the
water column carries signatures of both chl-a and CDOM. The
empirical algorithms take the ratio of the blue to the green
band with an assumption that the water leaving radiance
decreases in the blue band with an increase in chl-a con-
centration. However, if the water column is dominated by
chl-a and CDOM, both signiﬁcantly contribute to the decrease
in the water leaving radiance in the blue band. In such a
scenario, the performance of a ratio based algorithms weak-
ens the retrieval of chl-a. In the earlier studies, Tzortziou
et al. (2007) also reported that the failure of MODIS algorithm
in inshore waters of the Chesapeake Bay was due to the large
contribution of non-co-varying CDOM and non-algal particles
to total light absorption in the blue region.
6. Conclusion
The present study primarily focused on the evaluation of six
empirical algorithms (OC3C, OC4O, OC4, OC4E, OC3M and
OC4O2), operationally used to retrieve chl-a from CZCS,
OCTS, SeaWiFS, MERIS, MODIS and OCM-2. The algorithms
were applied to the spectral Rrs measured in situ using
hyperspectral radiometer with an intention to assess the
functional form and the coefﬁcients. The effect of atmo-
spheric correction has been ignored in the present study. TheRrs showed three distinct water types based on the spectral
variability. These water types were attributed to the varia-
bility in the concentration of OAS. In Type-I waters chl-a,
CDOM and b650 were very low indicating that these were pure
Case-I waters and the peak Rrs was in the blue band. In Type-II
waters, the peak Rrs shifted to the green band which was
attributed to elevated concentration of chl-a, CDOM and
b650. In Type-III waters, the peak Rrs further shifted to longer
wavelengths due to an increase in chl-a and CDOM. Also chl-a
was found to be associated with CDOM indicating that rivers
are one of the primary sources for discharging essential
parameters for the growth of phytoplankton. The overall
statistical analysis showed that the performances of OC3M
and OC4 were better as compared to other algorithms.
Further in the case of chl-a, at more than 1.0 mg m3 it
was found that the ratio of higher wavelengths (488, 510 and
520 nm) dominates. The assessment of algorithms in differ-
ent water types indicated better performance of all the
algorithms in Type-I waters. The performance was poor in
Type-II and Type-III waters. The errors associated with the
estimation of chl-a were signiﬁcantly co-varied with CDOM in
Type-III waters. Therefore, in the regions where there is
dominance of OAS other than chl-a, it is required to develop
IOP-based algorithm that takes into account absorption and
scattering due to individual OAS.
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